• Cell-specific hypoxiainducible factor 1 can regulate cancer-associated hypercoagulation and thrombus formation.
Introduction
Venous thromboembolism is a common cause of death in cancer patients, who are ;7 times more likely to suffer from venous thrombosis compared with healthy individuals. 1 The risk of thrombosis is increased in a variety of cancer types, including both lung and breast cancers. 1 Despite substantial health care costs and post-thrombotic complications, current treatments for thrombosis in cancer patients have major limitations (including increased risk of bleeding). Novel antithrombotic treatments may arise from a better understanding of the mechanisms that regulate cancer-associated hypercoagulation.
Thrombi form under conditions of low blood flow and reduced oxygenation (hypoxia), and this is commonly seen within solid tumors. [2] [3] [4] The vascular response that follows hypoxia is controlled in significant part by stabilization of the a-subunit of hypoxia-inducible factor (HIF) 1. Transcriptional targets of HIF1 include both anti-and procoagulant factors (the latter of which include tissue factor [TF] and plasminogen activator inhibitor 1). 5 HIF1a expression is found in virtually all cell types, and this includes the tumor cells themselves as well as other cells in the tumor, including endothelial cells and myeloid cells (ie, neutrophils and macrophages). Hypoxic tumor cells can promote coagulation via release of procoagulant factors and TF-bearing microparticles, 6 but the role of tumor and stromal-cell HIF1 in cancer-associated hypercoagulation is unknown. We aimed to determine whether HIF1 in tumor and stromal cells could regulate cancer-associated hypercoagulability.
Methods Tumor cells and in vitro assays
Wild-type and HIF1a-suppressed or nullizygous Lewis lung cancer cells (LLCs) and mammary epithelial tumor cells (MECs) 7 were maintained at 37°C, 5% CO 2 , and 21% or 1% O 2 for 24 hours as described (n 5 5 per group). 8 Suppression of HIF1a in LLCs was achieved by lentiviral shRNA silencing as described. 9 Wild-type control LLCs were infected with scrambled shRNA lentiviral particles. Deletion of HIF1a in MECs was achieved by isolating mammary tumor cells from HIF1a conditional deletion Polyoma Middle T (PyMT) mice by digestion with collagenase as described, 7 followed by infection of plated cells at day 1 with either adenoviral Cre recombinase or a b-galactosidase-expressing adenovirus as a wild-type control (Vector BioLabs, Malvern, PA). Western blotting was used to confirm gene silencing as described. 8 Cell adhesion onto fibrin was assessed by calculating the percentage of tumor cells that adhered onto fibrin-coated 48-well plates (Sigma Aldrich, UK) after incubation for 2 hours at 37°C, 5% CO 2 , and 21% O 2 . After incubation, nonadherent cells were immediately removed and adherent cells were resuspended (0.25% Trypsin, Gibco, UK) and then counted using an automatic cell counter (ADAM, Digital Bio, UK). Clotting times of the cells or their conditioned media were measured by recording the time to clot after introduction of calcium chloride to either cell suspension or conditioned media with citrated mouse plasma as described. 10 Fibrin deposition was quantified by image analysis of cell monolayers stained with Martius Scarlet Blue as described. 11 Clotting times were also assessed as described 10 in conditioned media: (1) with or without monoclonal antibodies against TF (Abcam, UK) or FVII (Sigma Aldrich, UK); and (2) with or without secreted microvesicles, which were removed by centrifugation as described.
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Cell-specific HIF1a knockout mice, tumor establishment, tissue staining, and image analysis
Animal experiments were performed with local animal care committee approval under the Animals (Scientific Procedures) Act of 1986. Endothelial-and myeloid cell-specific HIF1a nullizygous mice (male, 8-10 weeks old) were generated on a C57BL/6J background as described 8, 13 and compared with wild-type littermates (n 5 5-8 per group). Pulmonary tumors were established as described and lungs were excised, processed, and embedded in paraffin at 14 days post-LLC administration. 8 Tissue cross-sections (7 mm) were taken at 200 mm intervals throughout the length of the tissue. Pulmonary fibrin deposition, microthrombi numbers, and tumor fibrin deposition were assessed by image analysis of Martius Scarlet Blue-stained tissue as described.
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Human tumor microarrays
Human investigations were performed with informed consent and approval by the institution ethics review board. Breast tumor microarray samples and plasma were obtained from a lymph node-negative population of breast cancer patients that have previously been described (n 5 211).
14 Levels of HIF1a and phosphorylated TF (pTF) were quantified in tumor samples by immunostaining and image analysis as described.
15,16
Statistical analysis
Differences between normoxic and hypoxic cells, and between wild-type and cell-specific HIF1a knockout mice, were assessed using independent Student t tests. Correlations were assessed using Spearman's correlation. P , .05 was considered significant and data were expressed as mean 6 standard error.
Results
To first determine whether tumor cell-expressed HIF1 could mediate hypoxia-induced hypercoagulation, LLCs or MECs were cultured under ambient (21%) or reduced oxygen (1%) conditions, and their propensity to induce coagulation was assessed. In both wild-type LLCs and MECs, hypoxia led to increases in cell: (1) adhesion to fibrin ( Figure 1A-B) ; (2) coagulability (as shown by shorter clotting times, Figure 1C -D); and (3) fibrin deposition ( Figure 1E-F) . When HIF1a was suppressed in LLCs or deleted in MECs, however, hypoxia-induced increases were absent compared with normoxic controls across all of the assays ( Figure 1A-F) .
Hypoxia-induced reductions in the clotting times of the conditioned media taken from both wild-type LLC or MEC cultures were also observed, and these reductions were abolished when Figure 1 . Hypoxia-induced increases in tumor cell coagulability are HIF1-dependent. Wild-type (WT) and HIF1a knockout (HIF1ko) LLCs and MECs were cultured under ambient (21%) and hypoxic (1%) oxygen conditions, after which (A-B) cell adhesion to fibrin, (C-D) cell coagulation times, and (E-F) fibrin deposition were assessed (n 5 5 per group). *P , .05 and **P , .01.
tumor cell HIF1a was suppressed or deleted, respectively (Figure 2A-B) . Conditioned media clotting times of LLCs and MECs were extended under normoxia and hypoxia when either TF or FVII were inhibited ( Figure 2C-F) . Hypoxia-induced reductions in the clotting times of LLC-conditioned media were also attenuated when TF ( Figure 2C ) or FVII ( Figure 2E ) were inhibited, and absent when FVII was inhibited in MEC-conditioned media ( Figure 2D,F) . Hypoxia-induced reductions in the clotting times of both LLC-and MEC-conditioned media did not reach statistical significance when secreted microvesicles were lacking ( Figure 2G-H) . In primary human breast tumor samples, there was a strong positive correlation between levels of HIF1a and pTF ( Figure 3A-B) .
To study the roles of HIF1 in stromal cells during cancerassociated thrombosis, we assessed the effect of deleting myeloid (neutrophil and macrophage) or endothelial HIF1a on pulmonary thrombus formation in tumor-bearing mice. When we analyzed pulmonary thrombosis in tumor-bearing mice with or without myeloid HIF1a, there were no significant differences in pulmonary fibrin deposition, microthrombi number, or tumor fibrin deposition when these tissue-specific deletion mice were compared with wild-type littermates ( Figure 4A-C) . Endothelial HIF1a deletion, Figure 2 . Hypoxia-induced decreases in the clotting times of tumor cell-conditioned media are dependent on HIF1a and TF/FVII. Wild-type (WT) and HIF1a knockout (HIF1ko) LLCs and MECs were cultured under ambient (21%) and hypoxic (1%) oxygen conditions, after which (A-B) conditioned media (CM) coagulation times were assessed (n 5 5 per group). Clotting times were also assessed in WT LLCand MEC-conditioned media (n 5 5 per group) with (Anti-) or without (Vehicle IgG) inhibition of TF (C-D) or FVII (E-F), and with (Control) or without (Sedimented) the presence of secreted microvesicles (G-H). *P , .05, **P , .01, ***P , .001.
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For personal use only. on April 14, 2017. by guest www.bloodjournal.org From however, resulted in increases in fibrin deposition and microthrombi number in the pulmonary microvasculature, when compared with wild-types ( Figure 5A-C) . Similarly, fibrin deposition in the pulmonary tumors of endothelial HIF1a-deletion mice was greater than that observed in their wild-type littermates ( Figure 5D-E) . 
Discussion
There is strong positive correlation between cancer and thrombosis. 1 Our study suggests that HIF1 can regulate cancer-associated hypercoagulation in a cell-specific manner: tumor cell ablation of HIF1 eliminates the procoagulant response of these cells to hypoxia, whereas endothelial HIF1 deletion augments thrombosis in tumor-bearing mice. It was previously shown that hypoxia and PTEN expression regulate TF levels and coagulability in glioblastoma cells. 10 Current data suggest that hypoxia-induced alterations in tumor cell coagulability are also HIF1-dependent and partly regulated through changes in the expression and release of coagulant factors including TF. The regulation of cancer-associated thrombosis through the expression and secretion of such factors (plus other hypoxia-responsive adhesion molecules) deserves attention in future studies.
We show here that hypoxia-induced decreases in the clotting times of tumor cell-conditioned media are dependent on HIF1 and TF/FVII, and that these times are extended by removal of tumor cell microvesicles. Malignancy promotes coagulation via release of hypoxiaresponsive, tumor-derived microvesicles, and pro-coagulant factors such as TF. 6, 17 Chuvash polycythemia resulting from germline VHL R200W mutation is a condition characterized by stabilization of HIF1a (even under normoxia) and a high incidence of thrombosis. 18 We show here that the HIF1-mediated response to tumorigenesis in distinct cell subsets can differentially regulate cancer-associated thrombosis-that is, HIF1 in tumor cells promotes hypoxic cell adhesion, clotting, and fibrin deposition, whereas HIF1 in endothelial cells prevents microthrombus formation and fibrin deposition after tumorigenesis. Nevertheless, HIF1 in other stromal cells (including fibroblasts and T cells) could also contribute to the regulation of coagulability in patients with hypercoagulable disorders.
It has previously been shown that endothelial HIF1 knockout reduces nitric oxide (NO) production. 8 Given that endothelial NO inhibits platelet function and preserves endothelial anticoagulant function, 19 endothelial HIF1 deletion could enhance thrombosis via reductions in the NO-mediated anticoagulant response. In other words, endothelial HIF1 deletion may reduce local NO levels, and in doing so, suppress the anticoagulant impact of NO on aggregating platelets and on the innermost vessel wall. The impact of endothelial HIF1/NO signaling on cancer-associated coagulation deserves attention in future studies, especially given that previous studies have identified a role for endothelial cells in the regulation of hypoxia-induced coagulation. 20 Our data suggest that endothelial but not myeloid cell HIF1a could counteract the procoagulant response after the onset of cancer. Current data also support the possibility that oxidative stress could have advantageous as well as deleterious consequences during cancer progression. [21] [22] [23] Previously we showed that systemic manipulation of the HIF1 signaling pathway through administration of HIF1/vascular endothelial growth factor receptor inhibitors could affect thrombotic incidence in a mouse model of venous thrombosis. 24 Data herein suggest that the influence of HIF1 targeting on thrombotic potential in cancer patients could depend on cell type targeted, and that this should therefore be carefully considered when managing thrombotic events in these patients. Given that cancer is a prothrombotic disease, it could prove beneficial to these patients to be able to target cell-specific HIF signaling pathways that reduce both cancer progression and associated thrombosis, ideally without the For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From potential side effects of systemic therapy. Further studies of multiple cancer types will be required to confirm the precise roles of cellspecific HIF1 in cancer-associated hypercoagulation. It should also be noted here that the contribution of the other major HIF isoform (HIF2) in cancer-associated hypercoagulation cannot be discounted.
In summary, we have shown that the hypoxia-responsive transcription factor, HIF1, can regulate cancer-associated coagulation and thrombosis in a cell-specific manner. Data suggest that further investigations of the effects of cell-specific HIFs on cancer-induced hypercoagulation will improve understanding of this pathological process.
